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The ubiquity of urban brownﬁelds presents not only a challenge for environmental managers but also an opportunity to study the functional aspects of degraded ecosystems that are in close contact with human habitation. In this study, we investigate the soil microbial community response to heavy metal contamination at
Liberty State Park (LSP), an urban brownﬁeld in Jersey City, NJ, USA. Heavy metal contamination of the soils at
LSP is heterogeneous, varying widely across site and among metals. We collected soils along a previously
mapped gradient of metal contamination at LSP and sampled soil from a local and uncontaminated reference site
(Hutcheson Memorial Forest (HMF)) for comparison. For all soils, we measured soil heavy metal concentrations,
soil organic carbon content, bacterial density, and extracellular phosphatase activity as a proxy of ecosystem
functioning. Additionally, we analyzed the microbial community composition using high-throughput sequencing. Data show that some sites within LSP have signiﬁcantly higher phosphatase activity compared to HMF,
indicating that some heavily contaminated LSP soils are highly functional. We also found that soil organic carbon
and bacterial density have a signiﬁcant and positive relationship with phosphatase activity. The microbial
community analyses showed that the bacterial communities were sensitive to heavy metals and that the composition was signiﬁcantly aﬀected in particular by copper, zinc, and lead. The fungal communities, however, did
not vary signiﬁcantly with heavy metals. Our results shed important light on the composition and functioning of
urban brownﬁeld soils. A deeper understanding of these unique ecosystems is required for successful remediation, restoration and urban sustainability.

1. Introduction
Heavy metal contamination is globally prevalent as a result of industrial activity such as mining, extraction, processing of mineral ores,
and its accidental release during storage and transportation (Järup,
2003). These industrial activities have resulted in contamination of
many terrestrial and aquatic ecosystems with signiﬁcant implications
for human health. In the US, contaminated sites are broadly designated
as Superfund or brownﬁeld. Superfund sites are highly contaminated
sites where the federal government either is or plans to be involved in
cleanup eﬀorts. In contrast, the federal government does not get involved in brownﬁeld sites. State government or local stakeholders are
involved voluntarily in revitalizing and restoring brownﬁelds. In the US
alone, there are more than 500,000 brownﬁelds (Megharaj and Naidu,
2017). These brownﬁelds are real properties which cannot be reused

∗

because of the presence of contaminants. Due to the lack of active
participation by governments, a signiﬁcant land area remains derelict
or underutilized. Therefore, brownﬁelds pose risks to human and environmental health, and well being of the local community.
A growing body of literature indicates that management and restoration of these sites is possible through the use of low input longer
term and sustainable remediation approaches (ITRC, 2009). These
sustainable approaches include the use of plants, fungi, and bacteria to
increase soil function and mitigate risks from the contaminants (Cundy
et al., 2016; Megharaj and Naidu, 2017). These remediation approaches
are termed as gentle remediation options (Kidd et al., 2015; Cundy
et al., 2013). These approaches can have broad economic, environmental, and societal beneﬁts when they facilitate the restoration of
brownﬁelds.
One of the main aims of reclaiming land through gentle remediation
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Table 1
Concentration of metals found in the study sites. All data are shown in ppm ± standard error of the mean (n = 3).

HMF
LSP43
LSP 25F
LSP 146
LSP 25R

V

Cr

Cu

Zn

As

Pb

38.29 ± 0.53
44.68 ± 0.62
114.23 ± 13.39
205.58 ± 5.7
105.92 ± 16.79

26.67 ± 0.47
33.41 ± 0.64
119.57 ± 2.93
159.25 ± 2.34
216.04 ± 32.07

20.4 ± 2.52
99.12 ± 5.08
2714.37 ± 469.94
121.17 ± 6.80
7460.25 ± 1659.09

42.48 ± 1.73
50.52 ± 1.54
8450.88 ± 1971.05
103.96 ± 12.22
20735.59 ± 4690.23

4.78 ± 0.12
19.39 ± 0.83
849.69 ± 265.24
40.88 ± 5.46
1324.88 ± 268.75

29.97 ± 0.43
230.09 ± 11.40
8824.21 ± 1816.56
389.31 ± 22.94
21964.46 ± 4485.46

options is improving soil function (Cundy et al., 2016). Soil is a ﬁnite
resource and degradation is not recoverable within a human lifespan.
Soil degradation can be prevented by improving its function such as
improving nutrient cycling, enzymatic activities, and soil structure. Soil
function is highly dependent upon microbes, a crucial component of
natural and managed ecosystems (Fierer, 2017). Therefore, to improve
soil function in any soil ecosystem a thorough understanding of microbes and their responses is needed. This understanding is even more
critical in brownﬁelds because each brownﬁeld is diﬀerent from one
another. Brownﬁelds diﬀer not only in contaminants but also soil types
and climatic context. All these factors aﬀect microbial community
composition, diversity and their response (Khan et al., 2018). Therefore, for any restoration and reclamation eﬀorts in brownﬁelds to materialize, it is essential to study the microbial community composition
and understand how they respond to contaminants.
In this study, we characterized the microbial community and enzymatic activity of a unique brownﬁeld at Liberty State Park, NJ, USA.
The site is unique because of the abundant growth of under-story and
over-story vegetation since its abandonment ﬁve decades ago. Public
access to this site has been restricted, which provides a remarkable
opportunity to study the soil microbial community of a unique ecosystem and its response to high concentrations of several heavy metals
without the inﬂuence of human intervention. Since vegetation at this
site has ﬂourished well, it provides an opportunity to learn more about
this ecosystem, which is in the process of natural restoration.
The overall objective of the current study is to investigate the relationship between soil microbial community composition and functioning, and the heavy metal concentrations in the soil. We studied the
microbial community composition and measured soil extracellular
phosphatase activity, which is often viewed as a fundamental metabolic
process that reﬂects the functioning of active microbial taxa (Nannipieri
et al., 2011). Extracellular soil phosphatase activity has been found to
correlate with microbial biomass and nitrogen mineralization
(Clarholm, 1993), therefore it is a good indicator of soil function. We
also quantiﬁed the metal contaminants at the site and studied their
relationship to microbial community composition.

1970s, the railyard company ceased its operations, limiting the anthropogenic use of the site and allowing natural establishment and
succession of a robust temperate deciduous forest dominated mainly by
early successional northern hardwood trees (Gallagher et al., 2011).
Both northern hardwood trees like Betula populifolia and Rhus copallinum and herbaceous plant species such as Polygonum cuspidatum
and Artemisia vulgaris found at LSP have shown Zn, Cu, Cr and As accumulation in plant tissues (Qian et al., 2012), suggesting an intricate
below-ground and above-ground interaction with the contaminants. It
is suspected that ongoing microbial activity in the soil likely facilitates
nutrient cycling allowing for plant growth on otherwise restrictive soils
(Krumins et al., 2015). The work we present here sheds light on that
hypothesis. Recent studies have also shown an elevated level of various
enzymatic activities at some sites in LSP compared to uncontaminated
sites (Hagmann et al., 2015). Constant exposure to heavy metals and
organic contaminants may have exerted a selective pressure on microorganisms and resulted in a community that can survive the stressed
environment (Krumins et al., 2015).
2.2. Soil collection
We collected soil from four sites within the fenced portion of LSP
(site labels: 146, 43, 25F and 25R). Site numbers are arbitrary but tied
to historical sampling and known metal concentrations across the site
(see Table 1). We also collected soil from Hutcheson Memorial Forest
(HMF), a reference site in central NJ of similar ecological successional
age but no history of contamination. While sites 146, 43, 25F and reference site HMF are densely vegetated, site 25R is not. We collected
soil samples along three 20 m transects that were ﬁve meters apart.
From each transect, we collected ﬁve soil samples that were four meters
apart and mixed them to form one composite sample. We identiﬁed the
composite soil samples from three transects as the three replicates from
each site. We sieved them using a 2 mm sieve to remove large rocks,
pebbles, and plant litter.
2.3. Quantiﬁcation of metals
We quantiﬁed the metal concentrations of the soil samples from LSP
and HMF using inductively coupled plasma mass spectrometry (ICPMS) employing the EPA 3050B method. Brieﬂy, we digested 0.5 gm of
soil with 10 mL 50% HNO3 (15.7 M, ACS plus certiﬁed) at 95 ± 5 °C
for 15 min and allowed it to cool. Subsequently, we reﬂuxed 5 mL of
15.7 M HNO3 at 95 ± 5 °C for 30 min. We repeated the steps until the
brown fumes were visible. Once the white fumes replaced the browns
fumes, we reheated the samples at 95 ± 5 °C without boiling until the
volume reduced to 5 mL. We allowed the samples to cool down and
subsequently added 2 mL of deionized water and 3 mL of H2O2. We
reheated the samples at 95 ± 5 °C until the eﬀervescence stopped. The
samples were then diluted to a ﬁnal volume of 50 mL and ﬁltered using
0.4 μm ﬁlters to remove any soil particles. We further diluted the
samples by a factor of 20 with 1% HNO3 and quantiﬁed the metals on
ICP-MS.

2. Materials and methods
2.1. Study site
The case study we present here is on Liberty State Park (LSP), which
is a brownﬁeld located in Jersey City, New Jersey, USA and is contaminated with a suite of heavy metals (Gallagher et al., 2008). LSP is
located on the west bank of Upper New York Bay, in Jersey City, NJ
(400 42′16N, 740 03′06W) and contains metals such as arsenic (As),
copper (Cu), chromium (Cr), zinc (Zn), lead (Pb) and vanadium (V).
The inorganic pollutants are found in an isolated portion of the park
(approx. 100 ha) that is un-remediated and has limited human access
(Gallagher et al., 2008). In the latter half of the 19th century, LSP,
formerly a salt marsh, was ﬁlled with refuse and construction debris
from New York City to build a railyard. In 1919, the railyard commenced operations and was active until 1967 (Gallagher et al., 2008).
The railyard was used to store and transport a variety of commodities
including coal and petroleum products that contaminated the soil with
metals and organic contaminants (Gallagher et al., 2008). Since the

2.4. Phosphatase activity
We measured the phosphatase activity (PA) in the soil samples
314

Journal of Environmental Management 244 (2019) 313–319

J.P. Singh, et al.

ﬂuorometrically in a 96 well plate at 30 °C by calculating the rate of
product formation. For PA determination, we employed the method
from Hagmann et al. (2015). Brieﬂy, we suspended approximately 0.1 g
of soil in 100 mL 0.1M 2-(N-morpholino ethanesulfonic acid (MES)
buﬀer and sonicated at an output of 25 W for 3 min. After sonication,
we added 160 μl of sample suspension along with 40 μl of the 350 μM
ﬂuorescent analog substrate (4-methylumbelliferyl-phosphate) to the
96 well plate. Simultaneously, we generated a standard curve using four
diﬀerent concentrations (0, 500 μM, 1000 μM, 1500 μM, and 2500 μM)
of 4- methylumbelliferone (product). Finally, we measured the ﬂuorescence of the samples and the standard curve in a plate reader at
320 nm excitation and 450 nm emission at 30 °C with measurements
taken every 7.5 min over 3 h. We calculated the PA using the change in
product concentration and normalized it over unit dry weight of soil.

taxonomic units (OTUs) were deﬁned by clustering at 3% divergence
(97% similarity) followed by removal of singleton sequences and chimeras. Final OTUs were taxonomically classiﬁed using BLASTN against
a curated database derived from GreenGenes, RDPII, and NCBI
(DeSantis et al., 2006).
3. Data analysis
We used a one-way ANOVA model to statistically determine if the
response variables: phosphatase activity, bacterial cell density, loss on
ignition and pH varied with the study sites (LSP and HMF) as the independent variables. We also carried out a Tukey's-HSD posthoc test for
pairwise comparison among the sites. To investigate the association
with phosphatase activity, bacterial cell density, loss on ignition and
pH, we used Pearson correlation. We performed principal coordinate
analysis (PCoA) on Bray-Curtis dissimilarity to analyze the microbial
community composition and performed Pearson correlation analysis
between principal coordinates and heavy metal contaminant concentrations to ﬁnd associations between them. We conducted all statistical analyses on R (version 3.4) (R Core Team, 2017). We used the
tidyverse package by Hadley Wickham (2017) for data structuring and
visualization and the ggcorrplot package by Alboukadel Kassambara
(2016) for plotting a correlation matrix.

2.5. Acridine orange direct counts (AODC)
We measured the bacterial cell density using epiﬂuorescence microscopy after staining the soil suspensions with acridine orange.
Brieﬂy, we suspended soil samples in phosphate buﬀered saline (PBS)
and ﬁxed them in formalin. The ﬁxed samples were then serially diluted
in PBS with a ﬁnal dilution factor of 10−3. We stained the diluted
samples with 0.1% acridine orange and transferred onto a black polycarbonate 0.2 μm IsoporeTM membrane ﬁlter (Millipore, Waltham,
MA). We then observed and counted the samples under an epiﬂuorescence microscope with a 100× objective lens (Nikon eclipse TiS) (Hobbie et al., 1977; Krumins et al., 2009).

4. Results

2.8. DNA extraction sequence analysis

We measured the phosphatase activity of the soils collected from the
ﬁve sites (four from LSP and one reference site HMF). The one-way
ANOVA on the phosphatase activity showed signiﬁcant diﬀerences
among sites (Fig. 1, F = 11.156, p < 0.005). A post-hoc Tukey-Kramer
HSD test showed signiﬁcantly higher phosphatase activity at LSP 146
than HMF (p < 0.005), LSP 43 (p < 0.01), and LSP 25R (p < 0.005)
(Fig. 1). No signiﬁcant diﬀerence was found between phosphatase activities of LSP 146 and LSP 25F.
We also measured the bacterial density of the soils and found that it
varied signiﬁcantly among the sites (Fig. 2, F = 8.16, p < 0.005). Similar to the phosphatase activity, bacterial density was signiﬁcantly
higher in LSP 146 than LSP 43 (p < 0.05) and LSP 25R (p < 0.005)
(Fig. 2). We also found that LOI signiﬁcantly varied among sites (Fig. 3,
F = 47.75p < 0.0001). While the LOI at LSP 146 was signiﬁcantly
higher than at LSP 43 (p < 0.05), HMF (p < 0.0001) and LSP 25R
(p < 0.0001), it was not signiﬁcantly diﬀerent from LSP 25F
(p > 0.05) (Fig. 3). Soil pH also varied signiﬁcantly between the ﬁve
sites (Fig. 4, F = 59.37, p < 0.0001); LSP 25R had the highest pH and

We studied the microbial community compositions of soils collected
from LSP and the reference site HMF through DNA sequencing on Ion
Torrent PGM platform. We extracted DNA from the soil samples using
the MoBio Power Soil Extraction Kit according to the supplier's manual
(MoBIO Laboratories, Carlsbad, CA, USA) in triplicates from each site.
The replicates were then consolidated into a single sample and concentrated using vacuum centrifuge for 2 h. Following the consolidation
of the samples, we quantiﬁed the DNA spectrophotometrically. The
consolidated samples were then sent to the Molecular Research DNA
laboratory (MR DNA, Shallowater, TX) for DNA sequencing. For marker
gene sequencing, we chose 515F and 806R primers covering the V4
variable region in bacteria and ITS1 primers for fungi. Following the
PCR step, the PCR products were barcoded, and equimolar concentrations of amplicons from all samples were consolidated and sequenced
on the Ion Torrent PGM system using the manufacturer's guidelines at
MR DNA. The sequences were processed using MR DNA's proprietary
pipeline. Brieﬂy, the sequences were demultiplexed, and the barcodes
and primer sequences were removed. Sequences with ambiguous base
calls and with homopolymer runs exceeding 6 bp and sequences < 150
bp were also removed. Sequences were then denoised, and operational

Fig. 1. Phosphatase activity across LSP 43, 146, 25R 25F and the reference site
HMF. Phosphatase activity at LSP 146 is signiﬁcantly higher that 25R, HMF and
LSP 43. Error bars represent one standard error of the mean (n = 3).

2.6. pH measurement
We measured the pH of the soil using EPA method 9045D (USEPA,
2004). Brieﬂy, we suspended 20 gm of soil in 20 ml of deionized water
in a 50 ml beaker. We continuously stirred the suspension with a
magnetic stirrer for 5 min. Thereafter, we centrifuged the soil suspension at 3000 rpm and measured the pH of the aqueous phase of the soil
suspension with a pH meter.
2.7. Loss on ignition (LOI)
We used the gravimetric loss on ignition (LOI) method to estimate
organic carbon in soils (Davies, 1974). Approximately 2.25 g of oven
dried soil was combusted in a muﬄe furnace at 550 °C for 4 h. The
percent organic matter was determined gravimetrically.
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Fig. 2. Bacterial density across LSP 43, 146, 25R 25F and the reference site
HMF. Bacterial density is signiﬁcantly higher in LSP 146 than LSP 43 and LSP
25R soils. Error bars represent one standard error of the mean (n = 3).

Fig. 5. Correlation matrix between pH, loss on ignition (LOI), phosphatase
activity (PA), and bacterial count per gram of dry weight soil (AODC: Acridine
orange direct count). The range of Pearson correlation coeﬃcients (r) are indicated in the legend bar on the right side. Colors show the direction of the
correlation, blue being positively correlated while red shows a negative correlation. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the Web version of this article.)

LSP 146 the lowest. The pH at LSP 25R was signiﬁcantly higher
(p < 0.005) than the pH at the rest of the sites (Fig. 4).
We used Pearson correlation to investigate the relationships between pH, phosphatase activity, LOI, and bacterial density. We found
that pH was negatively correlated with phosphatase activity
(r = −0.66, p < 0.01), bacterial density (r = −0.78, p < 0.001) and
LOI (r = −0.53, p < 0.05) (Fig. 5). We saw a signiﬁcant positive
correlation between LOI and phosphatase activity (r = 0.73,
p < 0.005) (Fig. 5). Phosphatase activity also showed a positive correlation with bacterial density (r = 0.65, p < 0.01) (Fig. 5) and with
LOI (r = 0.64, p < 0.01) (Fig. 5).
We analyzed the bacterial communities of the study sites using highthroughput sequencing after amplifying the V4 hypervariable region.
We used Bray-Curtis dissimilarity for the PCoA analysis. Our PCoA
analysis appears to show that the microbial community at LSP 25R is
diﬀerent from the other sites (LSP 146, LSP 43, LSP 25F and HMF)
(Fig. 6A). We found that the relative abundance of alphaproteobacterial
taxa to be lower at 25R (14.8%) compared to the other sites, where it
ranged from 21 to 25%. In contrast, the relative abundance of betaproteobacteria was found to be higher at 25R (15.6%) than the rest of
the sites where it ranged from 8 to 10%. Ktedonobacteria class was also
found to be at higher abundance at 25R (7.5%) compared to the other
sites where the relative abundance of Ktedonobacteria was less than
0.5% of the taxa.
After surveying the fungal community using ITS1 region of the
fungal rRNA gene, we found that the fungal community composition
appeared to be diﬀerent at our reference site HMF compared to our
experimental study sites at LSP (Fig. 7A). We observed that Agaricomycetes was the most abundant taxa at LSP ranging from 57.3% at
25R to 83.1% at LSP 146 (Fig. 7B). The relative abundance of Agaricomycetes at HMF was very low (only 6.4%) (Fig. 7B). While the relative abundance of Agaricomycetes was found to be low at HMF,
sordariomycetes and mortierellomycotina were found to be at higher
(26.4% and 21.8% respectively) at the same site (Fig. 7B). Sordariomycetes abundance at LSP ranged from 4.9% at LSP 43 to 19.3% at

Fig. 3. Estimate of soil organic carbon via loss on ignition (LOI) of the study
sites. LOI at site LSP 146 is signiﬁcantly higher than HMF, LSP 43 and LSP 25R.
Error bars represent one standard error of the mean (n = 3).

Fig. 4. pH values of the sites. LSP 25R displayed signiﬁcantly higher pH values
than the rest of the sites. Error bars represent one standard error of the mean
(n = 3).

316

Journal of Environmental Management 244 (2019) 313–319

J.P. Singh, et al.

Fig. 6. (A) PCoA representing the diﬀerences in bacterial community composition among the sites. Communities resolved at the level of the genus. Principal
coordinate axes 1 and 2 (PC1 and PC2) explains 60.1% and 25.4% of the variation associated with the data. (B) Relative abundance of the dominant classes
of bacteria found across the sites. Note communities in this panel (B) are resolved at the class as opposed to genus level to allow visualization.

Fig. 7. (A) PCoA representing the diﬀerences in fungal community composition
among the sites. Communities resolved at the level of the genus. Principal coordinate axes 1 and 2 (PC1 and PC2) explains 50.1% and 32.8% of the variation
associated with the data. (B) Relative abundance of the dominant classes of
fungi found across the sites. Note communities in this panel (B) is resolved at
the class as opposed to genus level to allow visualization.

LSP 25R. Mortierellomycotina was found to be at lower abundance at
LSP compared to HMF and ranged from 0.83% at LSP 43 to 2.7% at LSP
146. Additionally, pezizomycetes abundance was also found to be high
(13.3%) at HMF compared to LSP sites where they were less than 5%.
We also quantiﬁed the metal contaminants at the sites (Table 1).
Metal contamination was high at 25R and 25 F. Cu, Zn, As and Pb were
very high in 25R and 25F. Contamination at HMF and 43 were lower
than the rest of the sites. V concentration at LSP 146 was the highest.
We correlated the metal contaminants with the microbial community to
study how they responded to metals.
To study how the microbial communities (both fungal and bacterial)
varied with soil heavy metal load, we carried out Pearson correlation
between the two principal coordinates (ﬁrst and second) and heavy
metal concentrations. We found strong negative correlation between
the ﬁrst principal coordinate axis and Cu (r = −0.89, p < 0.05), Zn
(r = −0.88, p < 0.05) and Pb (r = −0.88, p < 0.05) (Fig. 8A). Other
heavy metals such as Cr, As and V displayed no such relationship with
the bacterial ﬁrst principal coordinate axis. We did not ﬁnd any signiﬁcant correlation between the bacterial second principal coordinate

axis and heavy metals. Fungal principal coordinate axes were not correlated to any of the heavy metals.
5. Discussion
Liberty State Park is an urban brownﬁeld that displays diﬀerent
levels of contaminants across sites (Table 1). This heterogeneity provides a unique opportunity to study the soil function and microbial
community of a contaminated soil ecosystem. We chose phosphatase
activity as a proxy for soil function at LSP because phosphatases catalyze the hydrolysis of ester bonds to release phosphate into the soil
ecosystem (Nannipieri et al., 2011). As such, it serves as a good measure
of soil nutrient cycling, allowing us to investigate the functionality of a
brownﬁeld that boasts a surprisingly robust early successional hardwood forest and plant community. We found that LSP 146 and 25F had
the highest phosphatase activity of all sites, including the reference site,
HMF. The high phosphatase activity suggests that soil at LSP 146 and
25F is particularly functional in phosphorus cycling and microbial
317
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(Kuzyakov and Blagodatskaya, 2015) but also increases microbial biomass; LSP 146 has signiﬁcantly higher bacterial abundance compared
to other sites within LSP (Fig. 2). We also observed a strong positive
correlation between LOI, bacterial density and phosphatase activity
indicating a potentially crucial role played by soil organic carbon at
LSP. Besides improving microbial activity and biomass; soil organic
carbon is known to reduce the readily extractable fraction of heavy
metals in soils (Yang et al., 2016), thereby minimizing the stress exerted
by heavy metals and allowing ecosystems damaged by metal contamination to recover.
To understand how heavy metal contamination inﬂuences the microbial community, we sequenced the microbial ribosomal RNA gene
for both bacteria and fungi, and studied the relationship between
community composition and heavy metal concentrations. Our ﬁndings
indicate that the bacterial communities were sensitive to metal contaminants, particularly to Cu, Zn, and Pb. The concentrations of these
three metals were especially high at LSP 25R (Table 1). We also observed a strong negative correlation between Cu, Zn, Pb and the composition of the bacterial community (Fig. 8A). Dai et al. (2004) have
previously reported that Cu and Zn aﬀect microbial activity by inﬂuencing carbon and nitrogen cycling and this provides a plausible explanation for the lack of enzymatic activity observed at 25R. Cu, Pb,
and Zn are also known to shape microbial communities (Wang et al.,
2007; Li et al., 2015, Kou et al. 2018). It was interesting to see the lack
of any relationship between the composition of the fungal communities
and heavy metals suggesting no associations between metals and fungi.
The results indicate that the bacterial communities may be more sensitive to metal load than fungi. Past results also suggest that fungi are
more tolerant to heavy metals (Hiroki, 1992). This tolerance can be
attributed to the presence of transporter proteins, stress enzymes and
diﬀerent metallothionein (Hildebrandt et al., 2007). It was also interesting to notice that As and Cr, known for exhibiting high toxicity, did
not have a relationship with either bacterial or fungal community
composition. Fungi are known to be resistant to diﬀerent heavy metals
(Gadd, 2007) because they perform redox transformations and release
of biomolecules and sometimes accumulate metals in their ﬁlaments
(Bruins et al., 2000; Gadd, 2007; Zafar et al., 2007). Their ability to
persist in metal contaminated soils and their active involvement in
nutrient cycles could be harnessed to restore and reclaim contaminated
sites.
Fig. 8. Correlation matrix of (A) Bacterial principal coordinate axes (PC 1 and
PC 2) (B) Fungal coordinate axes (PC 1 and PC 2) with Arsenic (As), Chromium
(Cr), Copper (Cu), Lead (Pb), Zinc (Zn). The bacterial community showed a
signiﬁcant negative correlation with Cu, Zn, and Pb while the fungal community showed no such relationship. The range of Pearson correlation coeﬃcients
(r) is indicated in the legend bar on the right side. Colors show the direction of
the correlation, red being negatively correlated while blue shows a positive
correlation. The “x” marks in the boxes indicate a non-signiﬁcant relationship
(n = 5). (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the Web version of this article.)

6. Conclusion
Natural attenuation of disturbed sites by microbes is possible
through bioaugmentation (Wubs et al., 2016). Disturbed ecosystems
such as brownﬁelds can be rehabilitated using microbes and plants.
Singh et al. (2019) show that soil inoculation can improve soil phosphatase activity but within the context of abiotic soil properties.
Therefore, a greater understanding of microbial responses to soil
properties and contaminants is required. Our study provides critical
insights into the soil function and microbial ecology of a metal contaminated soil system. Here, we established a strong association between metals such as Cu, Zn, and Pb on microbial community composition and likely functioning. Our results suggest that bacterial
abundance and soil organic matter play a crucial role in regulating soil
phosphatase activity in an urban brownﬁeld. Soil organic matter and
microbial biomass facilitate nutrient cycling in the soil thereby promoting recovery of damaged ecosystems. While the results show that
the bacterial community is sensitive to metal contaminants, it also indicates that the fungal community is more resistant to heavy metal
contaminants at LSP. Our results have applications in management and
planning of brownﬁeld sites, which can help mitigate risks posed by the
contaminated sites. This information could be leveraged to delve deeper
into microbial responses to diﬀerent heavy metal contaminants, and
whether the ability of microbes to survive and thrive in stressed environments can be harnessed to ameliorate the eﬀects of heavy metals

activity. Our results concur with a previous study on LSP where the
authors also found site 146 to have the highest phosphatase activity of
multiple LSP sites studied (Hagmann et al., 2015). In contrast, LSP 25R,
the site with no vegetation exhibited little phosphatase activity, suggesting minimal microbial nutrient cycling.
Our correlation analyses show a strong positive relationship between phosphatase activity and LOI, an estimation of soil organic
carbon. LSP sites 146 and 25F exhibited a high LOI as well as a high
phosphatase activity. Previous studies have reported that soil organic
carbon positively inﬂuences phosphatase activity in uncontaminated
soils (Bonmati et al., 1991; Boerner et al., 2005) and here we observe a
similar phenomenon at contaminated LSP. Our results suggest that organic matter also increases soil enzymatic activity in contaminated sites
such as LSP. Soil organic carbon improves not only microbial activity
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to reclaim and restore damaged ecosystems. With urbanization threatening biodiversity and ecosystem productivity, these brownﬁeld sites
can be re-established with vegetation with help from bioaugmentation
and soil management practices. Such practices can be beneﬁcial to the
urban community.

Pollut. 153, 351–361.
Gallagher, F.J., Pechmann, I., Holzapfel, C., Grabosky, J., 2011. Altered vegetative assemblage trajectories within an urban brownﬁeld. Environ. Pollut. 159, 1159–1166.
Hagmann, D.F., Goodey, N.M., Mathieu, C., Evans, J., Aronson, M.F.J., Gallagher, F.,
Krumins, J.A., 2015. Eﬀect of metal contamination on microbial enzymatic activity in
soil. Soil Biol. Biochem. 91, 291–297.
Hildebrandt, U., Regvar, M., Bothe, H., 2007. Arbuscular mycorrhiza and heavy metal
tolerance. Phytochemistry 68, 139–146.
Hiroki, M., 1992. Eﬀects of heavy metal contamination on soil microbial population. Soil
Sci. Plant Nutr. 38, 141–147.
Hobbie, J.E., Daley, R.J., Jasper, S., 1977. Use of nuclepore ﬁlters for counting bacteria by
ﬂuorescence microscopy. Appl. Environ. Microbiol. 33, 1225–1228.
Interstate Technology Regulatory Council (ITRC), 2009. Phytotechnology Technical and
Regulatory Guidance and Decision Trees, Revised. pp. 125. Washington DC, USA.
www.itrcweb.org.
Järup, L., 2003. Hazards of heavy metal contamination. Br. Med. Bull. 68, 167–182.
Kassambara, Alboukadel, 2016. Ggcorrplot: Visualization of a Correlation Matrix Using
'ggplot2'. R Package Version 0.1.1. https://CRAN.R-project.org/package=
ggcorrplot.
Khan, M.A.I., Biswas, B., Smith, E., Mahmud, S.A., Hasan, N.A., Khan, M.A.W., Naidu, R.,
Megharaj, M., 2018. Microbial diversity changes with rhizosphere and hydrocarbons
in contrasting soils. Ecotoxicol. Environ. Saf. 156, 434–442.
Kidd, P., Mench, M., Alvarez-Lopez, V., Bert, V., Dimitriou, I., Friesl-Hanl, W., Herzig, R.,
Janssen, J.A., Kolbas, A., Mueller, I., Neu, S., Renella, G., Ruttens, A., Vangronsveld,
J., Puschenreiter, M., 2015. Agronomic practices for improving gentle remediation of
trace-element contaminated soils. Int. J. Phytoremediation 17, 1005–1037.
Kou, S., Vincent, G., Gonzalez, E., Pitre, F.E., Labrecque, M., Brereton, N.J., 2018. The
Response of a 16S Ribosomal RNA gene fragment ampliﬁed community to lead, zinc,
and copper pollution in a shanghai ﬁeld trial. Front. Microbiol. 9, 366.
Krumins, J.A., Dighton, J., Gray, D., Franklin, R.B., Morin, P.J., Roberts, M.S., 2009. Soil
microbial community response to nitrogen enrichment in two scrub oak forests. For.
Ecol. Manag. 258, 1383–1390.
Krumins, J.A., Goodey, N.M., Gallagher, F., 2015. Plant–soil interactions in metal contaminated soils. Soil Biol. Biochem. 80, 224–231.
Kuzyakov, Y., Blagodatskaya, E., 2015. Microbial hotspots and hot moments in soil:
concept & review. Soil Biol. Biochem. 83, 184–199.
Li, X., You, F., Bond, P.L., Huang, L., 2015. Establishing microbial diversity and functions
in weathered and neutral Cu–Pb–Zn tailings with native soil addition. Geoderma 247,
108–116.
Megharaj, M., Naidu, R., 2017. Soil and brownﬁeld bioremediation. Microb. Biotechnol.
10, 1244–1249.
Nannipieri, P., Giagnoni, L., Landi, L., Renella, G., 2011. Role of Phosphatase Enzymes in
Soil. Springer, pp. 215–243 Phosphorus in action.
Qian, Y., Gallagher, F.J., Feng, H., Wu, M., 2012. A geochemical study of toxic metal
translocation in an urban brownﬁeld wetland. Environ. Pollut. 166, 23–30.
R Core Team, 2017. R: A Language and Environment for Statistical Computing. R
Foundation for statistical Computing, Vienna, Austria URL. https://www.R-project.
org/.
Singh, J.P., Ojinnaka, E.U., Krumins, J.A., Goodey, N.M., 2019. Abiotic factors determine
functional outcomes of microbial inoculation of soils from a metal contaminated
brownﬁeld. Ecotoxicol. Environ. Saf. 168, 450–456.
USEPA, 2004. Soil and Waste pH. Method 9045D. USEPA.
Wang, Y., Shi, J., Wang, H., Lin, Q., Chen, X., Chen, Y., 2007. The inﬂuence of soil heavy
metals pollution on soil microbial biomass, enzyme activity, and community composition near a copper smelter. Ecotoxicol. Environ. Saf. 67, 75–81.
Wickham, Hadley, 2017. Tidyverse: Easily Install and Load the 'Tidyverse'. R package
version 1.2.1. https://CRAN.R-project.org/package=tidyverse.
Wubs, E.J., van der Putten, W.H., Bosch, M., Bezemer, T.M., 2016. Soil inoculation steers
restoration of terrestrial ecosystems. Nat. Plants 2, 16107.
Yang, X., Liu, J., McGrouther, K., Huang, H., Lu, K., Guo, X., He, L., Lin, X., Che, L., Ye, Z.,
2016. Eﬀect of biochar on the extractability of heavy metals (Cd, Cu, Pb, and Zn) and
enzyme activity in soil. Environ. Sci. Pollut. Control Ser. 23, 974–984.
Zafar, S., Aqil, F., Ahmad, I., 2007. Metal tolerance and biosorption potential of ﬁlamentous fungi isolated from metal contaminated agricultural soil. Bioresour.
Technol. 98, 2557–2561.

Acknowledgments
The study was supported by the National Science Foundation (NSF
CBET # 1603741). We would also like to thank the PSEG Institute for
Sustainability Studies for supporting this research. We thank the
graduate school at Montclair State University for a graduate assistantship to Jay Prakash Singh and Bhagyashree P. Vaidya. We thank Dr.
Xiaona Lee for her help with metal analysis. We also thank Dr. Valdis
Krumins for assistance with DNA analysis and Dr. Aaron Mills for insightful comments on the manuscript.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jenvman.2019.04.111.
References
Boerner, R., Brinkman, J., Smith, A., 2005. Seasonal variations in enzyme activity and
organic carbon in soil of a burned and unburned hardwood forest. Soil Biol. Biochem.
37, 1419–1426.
Bonmati, M., Ceccanti, B., Nanniperi, P., 1991. Spatial variability of phosphatase, urease,
protease, organic carbon and total nitrogen in soil. Soil Biol. Biochem. 23, 391–396.
Bruins, M.R., Kapil, S., Oehme, F.W., 2000. Microbial resistance to metals in the environment. Ecotoxicol. Environ. Saf. 45, 198–207.
Clarholm, M., 1993. Microbial biomass P, labile P, and acid phosphatase activity in the
humus layer of a spruce forest, after repeated additions of fertilizers. Biol. Fertil. Soils
16, 287–292.
Cundy, A.B., Bardos, R.P., Church, A., Puschenreiter, M., Friesl-Hanl, W., Muller, I., Neu,
S., Mench, M., Witters, N., Vangronsveld, J., 2013. Developing principles of sustainability and stakeholder engagement for “gentle” remediation approaches: the
European context. J. Environ. Manag. 129, 283–291.
Cundy, A.B., Bardos, R.P., Puschenreiter, M., Mench, M., Bert, V., Friesl-Hanl, W., Muller,
I., Li, X.N., Weyens, N., Witters, N., Vangronsveld, J., 2016. Brownﬁelds to green
ﬁelds: realising wider beneﬁts from practical contaminant phytomanagement strategies. J. Environ. Manag. 184, 67–77.
Dai, J., Becquer, T., Rouiller, J.H., Reversat, G., Bernhard-Reversat, F., Lavelle, P., 2004.
Inﬂuence of heavy metals on C and N mineralisation and microbial biomass in Zn-,
Pb-, Cu-, and Cd-contaminated soils. Appl. Soil Ecol. 25, 99–109.
Davies, B.E., 1974. Loss-on-ignition as an estimate of soil organic matter 1. Soil Sci. Soc.
Am. J. 38, 150–151.
DeSantis, T.Z., Hugenholtz, P., Larsen, N., Rojas, M., Brodie, E.L., Keller, K., Huber, T.,
Dalevi, D., Hu, P., Andersen, G.L., 2006. Greengenes, a chimera-checked 16S rRNA
gene database and workbench compatible with ARB. Appl. Environ. Microbiol. 72,
5069–5072.
Fierer, N., 2017. Embracing the unknown: disentangling the complexities of the soil
microbiome. Nat. Rev. Microbiol. 15, 579.
Gadd, G.M., 2007. Geomycology: biogeochemical transformations of rocks, minerals,
metals and radionuclides by fungi, bioweathering and bioremediation. Mycol. Res.
111, 3–49.
Gallagher, F.J., Pechmann, I., Bogden, J.D., Grabosky, J., Weis, P., 2008. Soil metal
concentrations and vegetative assemblage structure in an urban brownﬁeld. Environ.

319

